Unmethylated CpG islands are known to keep adjacent promoters transcriptionally active. In the CpG island adjacent to the adenosine phosphoribosyltransferase gene, the protection against transcriptional silencing can be attributed to the short CpG-rich core element containing Sp1 binding sites. We report here the insertion of this CpG island core element, IE, into the long terminal repeat of a retroviral vector derived from Rous sarcoma virus, which normally suffers from progressive transcriptional silencing in mammalian cells. IE insertion into a specific position between enhancer and promoter sequences led to efficient protection of the integrated vector from silencing and gradual CpG methylation in rodent and human cells. Individual cell clones with IE-modified reporter vectors display high levels of reporter expression for a sustained period and without substantial variegation in the cell culture. The presence of Sp1 binding sites is important for the protective effect of IE, but at least some part of the entire antisilencing capacity is maintained in IE with mutated Sp1 sites. We suggest that this strategy of antisilencing protection by the CpG island core element may prove generally useful in retroviral vectors.
Among retroviral vectors used for gene transfer, transgenesis, or even gene therapy, the avian sarcoma and leukosis virus-based vectors (ASLV vectors) are of special importance. They have been used for infection of both avian and mammalian cells expressing specific surface receptors. Alternatively, these vectors have been pantropized by vesicular stomatitis virus glycoprotein. The replication-competent ASLV vector with a splice acceptor (RCAS) was developed to facilitate the production of high-titer virus in avian cells (11) and efficient infection of mammalian cells when the avian envelope gene is replaced with murine envelope genes, amphotropic or ecotropic (1, 2) . A transgenic mouse expressing the chicken receptor for the ASLV-A subgroup was established as a platform for in vivo infection of mammalian hosts with ASLV (13) , and a similar system with the ASLV-C subgroup receptor (8) is in preparation. Successful transduction of hematopoietic progenitor cells in rhesus monkeys (26) has brought the RCAS vector system and other ASLV-based vectors closer to use as a tool for gene therapy.
Replication of retroviruses requires cellular cofactors for proper entry, uncoating, transcription, splicing, and assembly. ASLVs cannot replicate in mammalian cells because of the lack of specific avian cofactors required for correct splicing, polyprotein cleavage, virus assembly, etc. (48) . Therefore, ASLV-derived vectors such as RCAS do not produce any infectious progeny in mammalian cells in vitro (12) or in vivo (26, 39) . In addition, mammalian cells do not contain any endogenous retroviruses, which are capable of recombination with ASLVs, but a high-titer virus can be produced in the ev-locusfree chicken cell line DF-1 (23) . The ASLV-based vectors are thus very stable and safe for gene therapy. Another advantage of ASLV-based vectors is their integration pattern, which differs from those of murine leukemia virus (MLV) and human immunodeficiency virus type 1 (HIV-1). Genome-wide analyses of retrovirus integration showed that HIV-1-based vectors integrate preferentially into gene-rich regions (9) and particularly into open chromatin of highly transcribed genes (44) . MLV also integrates with a high preference for expressed genes, particularly into the transcriptional start sites of genes (51) , and such integration might transcriptionally activate adjacent proto-oncogenes, as shown in the SCID-X1 gene therapy trial (17) . In comparison with MLV and HIV-1, ASLVs display the weakest preference for integration into genes and have no bias for promoter regions (35, 38, 42) . Hence, ASLVbased vectors might be safer than the widely used lentiviral or MLV-based vectors.
Lentiviral vectors have recently been used predominantly due to their ability to transduce differentiated nondividing cells. However, the presence of at least a weak nuclear localization signal was shown in ASLV (30) . Active nuclear import of the preintegration complex and efficient transduction of nondividing cells and terminally differentiated neurons were shown in vitro (14, 18, 28) . Increased transduction times improved the efficiency of gene transfer into various types of hematopoietic cells in vivo (26) . Optimization of transduction protocols might further increase this efficiency and broaden the use of ASLV-derived vectors in mammalian cells, particularly in hematopoietic cell gene therapy.
Another obstacle to the use of ASLV-derived vectors in mammalian cells is the transcriptional silencing of integrated proviruses. In general, the expression of retrovirus-driven gene reporters is not stable in long-term in vitro cultures, and gradual silencing of transduced vectors correlates with epigenetic changes of retroviral long terminal repeats (LTRs). CpG methylation of DNA and/or modifications of histones in nucleosomes linked to the promoter region were found in silenced proviruses in vitro. In particular, the silencing of MLV and HIV-1 has been characterized in detail (4, 25, 31, 36, 40) . It was found that the chromatin environment at the site of retrovirus integration determines the transcriptional activity of the integrated provirus (27) . Rous sarcoma virus (RSV)-and ASLVderived vectors are not progressively silenced in chicken cells; however, in the cells of heterologous mammalian hosts, they are efficiently methylated and transcriptionally silenced (45, 22) . Protection from silencing and position-dependent suppressive effects of surrounding chromatin is, therefore, highly needed for the ASLV-based vectors. Various antimethylation and insulation strategies have been applied to increase the stability and position independence of expression of lentiviral and MLV-based vectors (6, 43, 49, 52, 53) . We observed previously that RSV proviruses are methylation and silencing resistant when flanked with the CpG island from the mouse adenine phosphoribosyl-transferase (aprt) gene (20) . In the present study, we analyzed the effect of the short island element (IE), the core sequence of the Syrian hamster aprt CpG island (46) , inserted within the RSV LTR. We show here the stable and position-independent expression of the reporter vector, which suggests that this type of LTR modification might be used in construction of vectors with protracted transcriptional activity and for the improvement of ALV-based vectors for therapeutic application.
MATERIALS AND METHODS

Construction of retroviral vectors.
We used the plasmids pLPCX, pLXRN, pIRES2-EGFP (all from Clontech, Mountain View, CA), and pH19KE (20) to generate the series of constructs used in this study. We inserted the neomycin resistance (Neo r ) gene as a 1,419-bp BglII-EcoRV fragment from pLXRN into the multiple cloning site of pIRES2-EGFP cut with BglII and SmaI to form pN-IRES-G. The pRMR construct was made by ligation of the 3,445-bp BstEIIBalI RSV LTR-bearing fragment of pH19KE and the 2,548-bp PshAI-PvuII inner fragment of pLPCX. The cassette containing the Neo r gene, internal ribosomal entry site (IRES), and enhanced green fluorescent protein (EGFP) gene, the 2,864-bp Eco47III-HpaI fragment of pN-IRES-G, was then ligated into the 4,579-bp pRMR backbone fragment cut with SmaI and XhoI. The resulting retrovirus vector pRNIG (Fig. 1A) was used for the construction of all insertion variants of the RSV LTR. The pMNIG vector was constructed by ligation of the 3,509-bp BstEII-ClaI Neo r , IRES, and EGFP cassette from pRNIG and the 4,458-bp BstEII-ClaI LTR fragment of pLPCX. The 5Ј and 3Ј LTR sequences in pLPCX come from Moloney MLV and its replication-defective derivative Moloney murine sarcoma virus, respectively. Minor sequence differences between these LTRs enabled discrimination of the cloned plasmid retrovirus DNA from the proviral DNA that went through reverse transcription.
Three unique restriction sites were introduced into the LTRs of the pRNIG by in vitro mutagenesis (see below). The BsiW I site at position Ϫ226 upstream from the transcription start site and the BstZ17I site at position Ϫ89 were introduced into the 3Ј LTR and HpaI site at position ϩ27 in the 5Ј LTR. The unique restriction sites were used for the insertion of the IE element. pRNIG1ϩIE and pRNIG1-IE were constructed by insertion of the IE element into the HpaI restriction site in the sense and antisense orientations, respectively. The pRNIG2 and pRNIG3 variants were formed analogically by insertion of the IE element into the BstZ17I and BsiWI restriction sites, respectively. The pRNIG2-2IE variant was created analogically by inserting two copies of the IE element into the BstZ17I restriction site in antisense orientation (Fig. 1C) . Vectors with insertion of the IE with mutated Sp1 binding sites (see below) were designated RNIG3ϩMIE, RNIG3-MIE, and RNIG2-MIE. The correct insertion and orientation of IEs was confirmed by DNA sequencing.
Assembly of the IE. The core element of the CpG island of the aprt gene (46) was constructed by gene assembly PCR using eight oligonucleotides: 1F, 5Ј-AG TCGTATACTCCAGCAAATGCGTTACTTCCTGCC-3Ј; 2F, 5Ј-AAAAGCCA GCCTCCCCGCAACCCAC-3Ј; 3F, 5Ј-TCTCCCAGAGGCCCCGCCCCGTCC C-3Ј; 4F, 5Ј-GCCCCCTCCCGGCCTCTCCTCGTGCTGG-3Ј; 1R, 5Ј-TGCGG GGAGGCTGGCTTTTGGCAGG-3Ј; 2R, 5Ј-GGGCGGGGCCTCTGGGAGA GTGGGT-3Ј; 3R, 5Ј-CGAGGAGAGGCCGGGAGGGGGCGGGACG-3Ј; and 4R, 5Ј-ATGCGTATACTCCTTAGGGAGCGATCCAGCA-3Ј. These oligonucleotides were combined in pairs (1F ϩ 1R, 2F ϩ 2R, 3F ϩ 3R, and 4F ϩ 4R) in four assembly reactions (reactions 1 to 4, respectively). The cycling conditions were as follows: 96°C for 2 min; 4 cycles of 95°C for 40 s, 70°C for 10 s, a 0.3°C/s ramp to 25°C, and 72°C for 1 min; and 35 cycles of 95°C for 30 s, 54°C for 30 s, and 72°C for 30 s; the final extension was at 72°C for 3 min. Products of reactions 1 and 2 were mixed, and PCR was set up with primers 1F and 2R. Reactions 3 and 4 were processed analogically with primers 3F and 4R. The PCR conditions were as follows: 96°C for 2 min and 35 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 40 s; the final extension was at 72°C for 5 min. The products of these two reactions were mixed and PCR, under the conditions used for the secondary PCR, was performed using primers 1F and 4R, which provide a 142-bp product with BstZ17I restriction sites on both ends. To prepare the IE with BsiWI restriction sites, we performed a PCR of the final product with primers 1Fb (5Ј-AGTCCGTACGTCCAGCAAATGCGTTACTTCCTGC-3Ј) and 4Rb (5Ј-A GTCCGTACGTCCTTAGGGAGCGATCCAGC-3Ј).
Site-directed mutagenesis. All site-directed mutagenesis experiments were performed with a Transformer site-directed mutagenesis kit (Clontech, Mountain View, CA) according to the manufacturer's protocol. The assembled IE was cloned into the pGEM-T Easy vector (Promega, Madison, WI). For mutation of Sp1 binding sites, we used a mutagenic primer (5Ј-CTCCCAGAGGCCCATTC CCGTCCTTTCCCCTCCCGGC-3Ј), which also served as a selection primer. The selection was performed with the restriction enzyme DraII. To introduce unique cloning sites into the pRNIG construct, we used the mutagenic primer 5Ј-GGAAATGTAGTCGTACGCAATACTCCTG-3Ј for introduction of the BsiWI cloning site, the mutagenic primer 5Ј-CTTATTAGGAAGGTATACAG ACGGGTC-3Ј for introduction of the BstZ17I site, and the mutagenic primer 5Ј-ACATTGGTGTTAACCTGGGTTG-3Ј for introduction of the HpaI site. The selection of the vectors with the new sites was performed with alternate use of two selection primers, the selection ScaI/BglII primer 5Ј-GTGACTGGTGA GATCTCAACCAAG-3Ј and the reselection BglII/ScaI primer 5Ј-GTGACTG GTGAGTACTCAACCAAG-3Ј.
Cell culture. The packaging GP293 cell line (Clontech, Mountain View, CA) was maintained in Dulbecco's modified essential medium-F-12 Eagle's modified medium (Sigma, St. Louis, MO) supplemented with 5% newborn calf serum, 5% fetal calf serum (both from Gibco-BRL, Gaithersburg, MD), and penicillinstreptomycin (100 mg/ml each). HEK 293 human embryo kidney cells, NIL-2 hamster fibroblastoid cells (7), QT6 quail methylcholanthrene-transformed cells (37) , and DF1 chicken fibroblastic cells (23) were maintained in Dulbecco's modified essential medium-F-12 Eagle's modified medium supplemented with 5% newborn calf serum, 2% fetal calf serum, 1% chicken serum (Gibco BRL, Gaithersburg, MD), and penicillin-streptomycin (100 mg/ml each). The tissue cultures were cultivated at 37°C in a 3% CO 2 atmosphere. In reactivation experiments, 5-azacytidine (5-AzaC) and trichostatin A (TSA) treatment was performed with 4 M 5-AzaC (Sigma) and with 0.5 M or 1 M TSA (Sigma) for 4 days.
Vector propagation. The MNIG and RNIG vectors and their modified forms were propagated by transfection of plasmid DNA containing the proviral forms of reporter vectors together with the plasmid pVSV-G (Clontech, Mountain View, CA) into GP293 cells. GP293 cells (1.5 ϫ 10 7 ) were seeded on 140-mm petri dishes. After 24 h, the cells were cotransfected with 10 g of pVSV-G and 50 g of the vector plasmid. Cotransfection was performed by calcium phosphate precipitation. The culture medium containing the vector particles was collected 1, 2, and 3 days posttransfection. The collected viral stocks were clarified by centrifugation at 200 ϫ g for 10 min at 4°C. The supernatant was collected and centrifuged at 24,000 rpm for 2 h 30 min at 4°C in an SW28 rotor, Beckman Optima100 (Beckman, Fullerton, CA). The pellet was resuspended in a culture medium with 10% newborn calf serum, frozen, and stored in Ϫ80°C. The titration of infectious virus particles was performed by serial dilution of the virus stock and subsequent infection of DF1 cells. In repeated experiments, vectors with modified and unmodified LTRs reached similar titers within the range of 2 ϫ 10 4 to 1 ϫ 10 5 IU/ml. Twenty-four hours postinfection, 400 g/ml of G418 (Sigma, St. Louis, MO) was introduced, and the cells were selected for 15 days. The number of G418-resistant colonies was counted after the selection.
Transduction of cells and FACS analysis. Cells were seeded at 5 ϫ 10 5 per 60-mm petri dish, and after 5 h, 200 l of viral suspension with 15 g/ml Polybrene was applied to the cell culture and allowed to adsorb for 40 min at room temperature. After the adsorption, fresh medium was added up to 4 ml and the cells were placed at 37°C and 3% CO 2 . Twenty-four hours postinfection, selection with 400 g/ml G418 (Sigma) was introduced, and medium with fresh G418 was changed every 2 or 3 days. After 15 days of selection (6 days in the reactivation experiment), G418 was removed. At 1-week intervals, the cell cul- Methylation analysis. The genomic DNA isolated from infected cells was treated with sodium bisulfite using an EpiTect bisulfite kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. Seminested PCR of the upper strand was performed with primers complementary to the U3 region of the RSV LTR and the leader region (see Fig. 5B ) comprising all but one CpG within the LTR. The sequences of the primers were 5Ј-GTTTTATAAGGAAAGAAA AG-3Ј (upper), 5Ј-AACCCCCAAATAAAAAACCCC-3Ј (lower-inner), and 5Ј-AAACAAAAATCTCCAAATCC-3Ј (lower-outer). PCRs were carried out with 200 ng of DNA at 25 cycles of 95°C for 1 min, 58°C for 2 min, and 72°C for 90 s. The PCR products were cloned into pGEM-T Easy vector (Promega) and sequenced by using the universal pUC/M13 forward primer.
RESULTS
The core element of the CpG island stabilizes long-term expression of the RSV LTR-driven retroviral vector. We constructed retroviral vectors RNIG and MNIG with Neo r and EGFP genes under the control of the RSV and MLV LTRs, respectively. Both genes are expressed from a single bicistronic mRNA by virtue of the IRES from the encephalomyocarditis virus (Fig. 1A) . The RSV LTR contains a highly efficient promoter but is prone to CpG methylation and transcriptional silencing upon infection of mammalian cells (21, 22) . For the antisilencing protection of RSV LTR, we chose the IE of the hamster aprt CpG island, characterized previously as an efficient protective motif (46) . The IE comprises a 120-bp sequence that includes eight CpG dinucleotides and two highaffinity Sp1 binding sites (Fig. 1B) and is responsible for the majority of the CpG island properties. A single IE was inserted in both orientations into three positions within the RSV LTR: in the U5 region downstream of the promoter and transcription start sites; in the middle of the U3 region between the enhancer and the promoter; and at the beginning of the U3 region, upstream of the enhancer. Furthermore, two IEs were inserted in an antisense orientation between the enhancer and the promoter. The U5 region was targeted in the 5Ј LTR and U3 in the 3Ј LTR, so that after reverse transcription of the corresponding RNA, all modifications appeared within both LTRs of the resulting provirus. The complete set of modified RSV LTRs with the names of corresponding retroviral vectors is shown in Fig. 1C .
To study the stability of the long-term expression, we packaged the wild-type and modified vectors in GP293 cells and transduced them into two avian cell lines, chicken DF1 and quail QT6, and two mammalian cell lines, hamster NIL-2 and human HEK 293. The cells that contained transcriptionally active transduced genes were selected with G418, and the expression of GFP was monitored at regular intervals after G418 removal by microscopic inspection of GFP variegation and FACS. All vectors with either wild-type or modified LTRs exhibited very stable expression in DF1 cells during in vitro cultivation. Only few GFP-negative cells appeared after 2 months of cultivation without selective pressure (data not shown). A similar lack of variegation was also observed in QT6 cells transduced with RNIG, RNIG2-2IE, and MNIG vectors. We isolated six monocellular clones of the G418-resistant cells after transduction with each of these three vectors and cultivated them separately for more than 2 months. All clones exhibited very stable expression, often without any sign of silencing (data not shown). There was only one clone from the QT6 cell line transduced with the vector with an unmodified RSV LTR which was progressively silenced, and after 70 days of cultivation (without selection), 22% of the cells were GFP negative.
Different behavior of integrated vectors was observed after the transduction of mammalian cells. The vectors RNIG and MNIG were progressively silenced in NIL-2 cells, whereas the vectors with inserted IE elements exhibited various degrees of protection from transcriptional silencing ( Fig. 2 and 3A to C) . The insertion of a single or duplicated IE between the promoter and the enhancer nearly completely stabilized the longterm expression of RNIG vectors, irrespective of the orientation ( Fig. 2 and 3B) . Because of the significant variability among cell cultures transduced with the same vector modification, we isolated several G418-resistant NIL-2 clones after infection with individual vectors and observed GFP expression over time. Various numbers of clones were inspected, from six clones with the RNIG2ϩIE vector up to 19 clones with the RNIG2-2IE vector. The data are shown individually for both the wild-type RNIG and RNIG2-2IE vectors and cumulatively for the remaining vectors. The RNIG vector was progressively silenced in most cell clones. Out of nine clones isolated, only two were without variegation and exhibited stable GFP expression (Fig. 3D) , probably due to insertion into a particular site in the host cell genome, which supported efficient transcription of the integrated retrovirus. In contrast, almost no silencing was observed in clones bearing the vector RNIG2-2IE modified by insertion of double IE in the Ϫ89 position. We analyzed 19 clones of NIL-2 cells transduced with this vector and observed weak silencing of GFP expression only in two of them. They exhibited 2% and 8% GFP-negative cells after 91 days of cultivation. The remaining 17 clones did not exhibit any sign of silencing (Fig. 3E) .
The variability in the rate of GFP silencing among individual cell clones corresponded with the protective effect of the IE insertion. There was vast variability in the case of poorly protective LTR modifications, but even here we also observed rare unsilenced clones with stable GFP expression. On the other hand, the clones bearing very stable vectors were rather uniform, with weak silencing in only a few clones, as in the case of the RNIG2-2 vector (Fig. 3E) . All experiments mentioned were confirmed in the human HEK 293 cell line. Data concerning silencing and antisilencing protection correspond to the data obtained in NIL-2 cells. The only difference was generally slower progression of silencing in the HEK 293 cell line. The intensity of GFP fluorescence was similar in NIL-2 and HEK 293 cells and strikingly higher in QT6 cells. This corresponds with the higher level of transcription driven by the RSV LTR in avian cells (21) . Insertion of IE, even in tandem between the enhancer and the promoter, did not significantly increase the mean intensity of GFP fluorescence, which means that the transcription and titers of modified vectors were not affected. Much more striking differences in mean fluorescence intensity (MFI) were found among individual clones with vectors integrated into various genomic positions (data not shown). The Sp1 binding sites are important for the protective role of the CpG island core element. The IE used in this study comprises two Sp1 binding sites. We introduced point mutations into the Sp1 binding sites that abolished the protein binding capacity of the DNA sequence. RNIG2-IE, RNIG3ϩIE, and RNIG3-IE vectors were mutagenized in this manner, and the resulting vectors were named RNIG2-MIE, RNIG3ϩMIE, and RNIG3-MIE, respectively. All Sp1-mutated vectors exhibited a significantly decreased protective effect on GFP expression in NIL-2 cells compared to their nonmutated counterparts. RNIG3ϩMIE and RNIG3-MIE were silenced more rapidly than the original vector without any element inserted (Fig. 3F) . In avian DF-1 and QT6 cells, GFP expression from RNIG3-MIE was stable and no silencing was observed (data not shown).
Reactivation of the silenced vectors with 5-AzaC and TSA. We assessed the possibility of reverting the transcriptional suppression of integrated proviruses by the DNA methyltransferase inhibitor 5-AzaC and/or the histone deacetylase inhibitor TSA. We sorted the GFP-negative cells from silencingprone NIL-2 clones transduced with RNIG and RNIG3-MIE 11 days after neomycin removal and treated the cell cultures at regular intervals with the drugs, either alone or in combination. An increase in the percentage of GFP-positive cells was assessed by FACS analysis. Both 5-AzaC and TSA applied separately reactivated GFP expression, but the combination of both inhibitors provided the strongest effect (Fig. 4) . The majority of silenced vectors were reactivated by 5-AzaC and TSA 21 days after G418 removal. However, the effect of these drugs gradually decreased, and after 112 days of cultivation without selection, only 2% of the vectors were reactivated by the treatment (Fig. 4) . 
DNA methylation analysis of the integrated vectors.
Because transcriptional silencing of genes or proviruses is usually caused by DNA methylation of promoters, we analyzed and compared the CpG methylation patterns of the vector LTRs that were either silenced or transcriptionally active. For this analysis, we chose two NIL-2 clonal cell cultures transduced by the RNIG vector, one with a high and the other with a very low percentage of GFP-positive cells, and one clonal cell culture transduced by the RNIG3-IE vector with 30% GFP-positive cells. These clones were sampled approximately 9 weeks after G418 selection of transduced cells. Bisulfite sequencing of the vectors displayed almost fully methylated 5Ј LTR sequences in the cell clone with silent RNIG proviruses. In contrast, we found almost no CpG methylation in the cell clone without RNIG vector silencing. The cell clone with 30% GFP-positive cells was intermediate with regard to the methylation of 5Ј LTR of the RNIG3-IE vector (Fig. 5A ). There was no obvious methylation pattern, and the methylated CpG dinucleotides were observed throughout the entire LTR. To show that the tandem of two IEs inserted in the LTR of RNIG2-2IE protects FIG. 4 . Reactivation of silenced vectors. NIL-2 cells were infected with silencing-prone vectors RNIG and RNIG3-MIE with mutated Sp1 binding sites. The cells were selected with G418, and after 6 days of selection, the antibiotic was removed. After an 18-day cultivation, the GFP-negative cells were sorted by FACS. Each GFP-negative population was then divided into two subpopulations 6 days after the sorting: one was treated with 5-AzaC and/or TSA for 4 days, and the proportion of GFPexpressing cells was assessed. The nontreated GFP-negative cell population was cultivated further, and the treatment was repeated at regular intervals. Each experiment was done in triplicate. itself and the adjacent DNA sequence from CpG methylation, we analyzed the methylation in two clones from the experiment shown in Fig. 3E . The bisulfite sequencing confirmed the presence of two IEs and the nonmethylated status of the whole LTR (Fig. 5B) . The level of CpG methylation was extremely low here, 1.6 and 4.0%. In order to see the early phase of vector silencing, we examined CpG methylation in the rare GFP-negative cells that appeared soon after the selection of vector-transduced cells.
We selected these cells from two NIL-2 cell cultures transduced with RNIG and RNIG3-MIE vectors by FACS after 21 days of cultivation without selective pressure. As it is difficult to separate weakly expressing cells, the resulting cell cultures were enriched for GFP-negative cells but also contained 15% and 28% positive cells, respectively (Fig. 5C ). The density of CpG methylation within LTR sequences was 28% and 19%, respectively, much lower than that of the 9-week-old cell culture transduced with RNIG3IE, which contained a comparable (Fig. 5C ). We therefore conclude that the silencing of integrated proviruses is associated with CpG methylation of promoter sequence; however, there are other mechanisms of silencing that precede the onset of heavy methylation of proviral LTRs.
DISCUSSION
In this study, we report the capacity of the CpG island core element from the hamster aprt gene, the IE, to stabilize longterm expression of a retroviral vector and protect it from transcriptional silencing. Our data show that insertion of the 120-bp IE into a specific site of the LTR ensures efficient transcription of ASLV-derived vectors and overcomes the repressive chromosomal position effects in nonpermissive mammalian cells. We have found the best protective effect in LTRs with two IEs inserted in tandem between the promoter and enhancer sequences. None of the 19 cell clones analyzed transduced with this modification of the reporter vector exhibited substantial vector silencing after 9 weeks of cultivation. We suggest our optimized vector design as a new strategy for improving retroviral vectors for efficient gene transfer and therapy.
There are two basic strategies to counteract the silencing and variegation of retroviral vectors, based on both gammaretroviruses and lentiviruses (10) . The first is the elimination of silencers defined, e.g., in the LTR and primer binding site of MLV (5) . Multiple-point mutation of all CpGs in the LTR region also stabilizes the expression of MLV vectors in embryonic stem cells (49) . In a complementary approach, matrix attachment regions or insulators have been employed to prevent position effects of adjacent cellular silencers (6, 24, 43, 52) . Our previous experiments with the mouse aprt CpG island (20) adjacent to the RSV reporter provirus indicated that the antisilencing and antimethylation protection might also have been caused by some insulative effect. We have found that insertion of the CpG island protects the downstream enhancer/ promoter in an orientation-dependent manner without any increase of the promoter strength. The range of the antimethylation effect was relatively narrow, covering just the RSV LTR.
Here, we employed the short core element of the hamster aprt CpG island as defined by Siegfried et al. (46) , which can be inserted into the retroviral LTR. This IE comprises the protective effect of the whole CpG island but differs from it in several respects. The observed stabilization of reporter expression was strongly dependent on the position of the IE within the LTR. The IE inserted at the beginning of the U3 region had only a minor effect, but insertion between viral enhancers and promoter ensured efficient antisilencing protection. We do not possess exact data on the promoter strength of IE-modified LTRs, but an estimate of the MFI of noncloned cell cultures infected with individual vectors demonstrates that there are only mild differences in comparison with the wild-type RSV LTR (data not shown). Furthermore, these differences do not correlate with the antisilencing effect. For example, the silencing-prone vector RNIG3-MIE resulted in a slightly higher MFI than the RNIG vector, whereas the well-protected vector RNIG2ϩIE resulted in a slightly decreased MFI. Substantial differences in MFI were found among individual clones irrespective of the transduced vector (data not shown), which points to the strong influence of the integration site. In our previous study (32) , we showed the increased expression driven by the RSV LTR enriched in Sp1 sites without the context of the CpG island. Together, these data contradict the effect of insulator elements defined as sequences capable of obstructing outside enhancers to influence promoters. The range of antimethylation effect is limited to approximately 150 bp from the IE (20, 46) . This might explain the weak-or no-protection effect of the IE inserted upstream of the enhancer and the best protection from the IE inserted between the enhancer and the promoter. Both transcriptional regulators are in this way within the range of IE antisilencing influence. The position 89 bp upstream of the transcription start site best corresponds to the position of the element within the hamster aprt gene, 107 bp upstream of the transcription start site. This distance is probably favorable for keeping the promoter transcriptionally active. In contrast to the full-length mouse CpG island, the effect of the IE orientation is only weak.
Transcriptional silencing of retroviruses in two experimental settings has been described. First, complete transcriptional silencing occurs shortly after infection, most probably during the process of integration. Second, the selected reporter-positive cells variegate during the time course of cultivation. Even cell clones that inherited initially active and uniformly integrated reporter proviruses vary and eventually lose expression of the transduced reporter. In our case, we describe just the second type of provirus silencing. To assess early peri-integration silencing, we performed a colony-forming assay that, in a preliminary experiment, displayed a lower number of reporterpositive cells or selected cell colonies that did not correspond to the virus dose determined independently (data not shown). Furthermore, the rate of silencing observed in our experiments might be underestimated. We start our GFP monitoring with completely GFP-positive clonal cell cultures after 2 weeks of G418 selection. The cells in which the silencing occurred most rapidly could have been already selected against at that time. If we monitored the loss of GFP-expressing cells a few days after the infection, we would not obtain reliable data due to the background from noninfected cells as well as from cells transiently expressing the unintegrated forms of retrovirus.
Several studies have described the important role of Sp1 binding sites in the antimethylation capacity of CpG islands (3, 20, 33) . We tested the effect of Sp1 mutations in three of our modified LTRs. In all three vectors, mutation of the Sp1 sites significantly increased the provirus silencing during prolonged cultivation, abrogating the protective effect of the inserted IE. In particular, the vector RNIG3-MIE was silenced even more efficiently than the vector with an unmodified LTR. This is probably due to the accumulation of CpG dinucleotides that, without the context of Sp1 sites, become a target of DNA methyltransferases (3). The most stable vector, RNIG2-IE, retains a part of this antisilencing capacity even after mutation of Sp1 sites. This indicates that Sp1 binding sites are involved in the antisilencing capacity of IE, but these sites are not the only cis-acting elements involved. We do not know whether the binding of Sp1 factor to the IE is necessary for its antisilencing activity. Nevertheless, the CpG islands in cells derived from Sp1 knockout mouse embryos are kept methylation free (34) The reactivation experiments showed additive effects of 5-AzaC and TSA and revealed that vector silencing was associated with DNA methylation and/or histone deacetylation. The interdependence of both mechanisms of provirus silencing was described in detail in reports of experiments with lentiviral vectors (19) . Katz et al. (29) also found silenced ASLV-based vectors to be reactivatable by TSA alone. We observed that this capability strongly depends on the time elapsed from transduction, with a gradual loss of reactivation. This can be explained by the slow and multistep process of heterochromatinization, which requires further histone and chromatin modifiers, finally locking the provirus in a constitutively inactive form (16) .
The efficient silencing of ASLV-based vectors in rodent cells has been described (22, 45 ; for a review, see reference 48). To be sure that this phenomenon and our approach to antisilencing protection of vectors can be applied to other systems, we performed these experiments in parallel with the human HEK 293 cell line. The results obtained were basically the same as those results seen in NIL-2 cells for all vectors with modified 5Ј LTRs, but the silencing of the wild-type RNIG vector was slower and, correspondingly, the antisilencing effects of IE insertions were less pronounced. Because the silencing can be associated with distributive DNA methylation by Dnmt1 (50) during the S phase of the cell cycle, it is probable that the slower silencing in HEK 293 cells correlates with slower proliferation and longer doubling times in comparison to NIL-2. Also, other cell-specific factors may play a role in the different rate of silencing (15, 41) .
Transcriptional silencing is a major obstacle to the use of retroviral and lentiviral vectors in gene transfer and gene therapy. Our strategy of antimethylation protection of ASLVbased vectors by the CpG island core element indicates that retroviral vectors completely resistant to silencing can be constructed. This modification may prove immediately useful whenever, e.g., RCAS vectors are used in mammalian cells, and it could be part of a general optimized vector design if also proven to be effective in gammaretroviral and lentiviral vectors.
